The flagellated protozoan Giardia lamblia is a recognized public health problem. Intestinal infection can result in acute or chronic diarrhea with associated symptoms in humans. As part of a study to evaluate removal of G. lamblia cysts from drinking water by the processes of coagulation and dual-media filtration, we developed a methodology by using 5.0-,um-porosity membrane filters to evaluate the filtration efficiency. We found that recovery rates of G. lamblia cysts by membrane filtration varied depending upon the type and diameter of the membrane filter. Examination of membrane-filtered samples by scanning electron microscopy revealed flexible and flattened G. lamblia cysts on the filter surface. This feature may be responsible for the low recovery rates with certain filters and, moreover, may have implications in water treatment technology. Formation of the cyst wall is discussed. Electron micrographs of cysts apparently undergoing binary fission and cysts exhibiting a possible bacterial association are shown.
The flagellated protozoan Giardia lamblia is a recognized public health problem. Intestinal infection can result in acute or chronic diarrhea with associated symptoms in humans. As part of a study to evaluate removal of G. lamblia cysts from drinking water by the processes of coagulation and dual-media filtration, we developed a methodology by using 5.0-,um-porosity membrane filters to evaluate the filtration efficiency. We found that recovery rates of G. lamblia cysts by membrane filtration varied depending upon the type and diameter of the membrane filter. Examination of membrane-filtered samples by scanning electron microscopy revealed flexible and flattened G. lamblia cysts on the filter surface. This feature may be responsible for the low recovery rates with certain filters and, moreover, may have implications in water treatment technology. Formation of the cyst wall is discussed. Electron micrographs of cysts apparently undergoing binary fission and cysts exhibiting a possible bacterial association are shown.
Exposure to the waterborne pathogen Giardia lamblia is a current public health problem (10) as exemplified by recent outbreaks of giardiasis reported from Vail, Colo. (7), Berlin, N.H. (15) , and Camas, Wash. (11) . These outbreaks occurred in municipalities that use surface water for drinking purposes. Each of their seemingly adequate water treatment facilities failed to follow proper treatment procedures of the raw water. G. lamblia cysts were detected in the finished water at both Berlin and Camas. The percentages of stool specimens positive for G. lamblia cysts reported by U.S. state laboratories in 1976 were 9.2 in California, 9.6 in Colorado, 10.6 in Minnesota, 9.5 in Maine, and 6.3 in Washington (2) .
The work reported here is part of a study that determined the efficiency of a water treatment plant for removing G. lamblia cysts. Experiments showed that >99% of the cysts introduced into a water treatment pilot plant can be removed by the processes of coagulation-flocculation, sedimentation, and dual-media filtration (W. P. Lawrence, Masters thesis, University of Washington, Seattle, 1979) . The efficiency of cyst removal was evaluated by filtering the finished water from the pilot plant. In also evaluating the reproducibility of our filtration procedure with known concentrations of cysts, we found that the recovery rates of cysts that were passed through two different types (Millipore and Nuclepore) and diameters (47 and 293 mm) of membrane filters varied considerably.
Electron microscopy was used to determine the possible causes of these various rates. We found that the cyst wall of G. lamblia is remarkably flexible and concluded that the interaction of the flexible cyst wall in the filter pore may explain the different recovery rates on different types and sizes of filters.
MATERIALS AND METHODS
Fecal material was collected from human giardiasis patients in cooperation with the Washington State Parasitology Laboratory, Seattle. The material was fixed in either 5% buffered Formalin or 2% glutaraldehyde in 0.1 M cacodylate, which was done immediately after positive identification of G. lamblia cysts in the feces. A given quantity of the fecal material was diluted 1:2 in distilled water, stirred into a liquid suspension, and filtered through three layers of gauze that approximated a 50-to 80-,um-mesh sieve. The filtrate was centrifuged at 400 x g. After the supernatant was decanted, the sediment was emulsified with an equal amount of distilled water.
We used the method of Sheffield and Bjorvatn (20) to further separate the cysts from other fecal material. A 5-ml amount of the fecal suspension was added to a discontinuous density sucrose gradient consisting of 5 ml each of 1.5, 1.0, 0.75, and 0.5 M sucrose solutions added successively to a 40-ml conical centrifuge tube. After centrifugation for 30 min at 1,000 x g, approximately 4 ml was collected by capillary pipette from both the water-0.5 M sucrose and 0.5 M-0.75 M sucrose interfaces. This suspension, consisting of cysts and small noncyst particulate debris, was diluted 10-fold with distilled water and centrifuged for 3 to 5 min at 400 x g. The sediment, consisting of a high number of cysts relatively free of debris, was again diluted 10-fold with distilled water and kept at 4°C until use. We eliminated the final filtration, as recommended by 822 LUCHTEL, LAWRENCE, AND DEWALLE ment plant for the efficiency of cyst removal (W. P. Lawrence, Masters thesis, University of Washington, Seattle, 1979) . It was necessary to develop a quantitative method with a known recovery efficiency that would retain any cysts still remaining in the finished water after passing through the water treatment plant.
We developed a recovery method that used membrane filters of 5-,um pore size to retain G. lamblia cysts. We first tested two filters of a small diameter (47 mm). We soon found that it was necessary to test more expensive, larger-diameter filters (293 mm) to maintain filtering efficiency for the relatively large volumes of water from the treatment plant. The recovery efficiency of the filters was tested in the following way.
Aqueous suspensions of fixed G. lamblia cysts were passed by vacuum through 5.0-,um-porosity Millipore (Millipore Corp., Bedford, Mass.) or 5.0-,um-porosity Nuclepore (Nuclepore Corp., Pleasanton, Calif.) membrane filters. Concentrations of cysts before and after filtration were determined by enumeration on a ClayAdams model 4011 Spencer Bright Line hemacytometer and collaborated with counts on a Coulter Counter (Coulter Electronics, Hialeah, Fla.). Cysts were removed from the 47-mm filters by immersing each ifiter in 10 ml of distilled water in a small flask and agitating gently by hand. The filter was then discarded, and the liquid was examined for presence and quantity of G. lamblica cysts. The larger 293-mm membrane filters were processed by using a two-step centrifugation process summarized in Fig. 1 (Fig. 3) . A significantly lower recovery rate, approximately 25%, was found after filtering cysts with the 293-mm-diameter Millipore filter. Coulter Counter and hemacytometer counts of the filtrates showed that no cysts passed through the filters. The reasons for the less than 100% recovery from the filters and the strikingly lower recovery on the large Millipore filter were unclear. Therefore, it was decided to study the filter surface with scanning electron microscopy.
Cysts collected on either air-dried Millipore or Nuclepore membrane filters exhibited distorted or flattened cyst walls (Fig. 4 We observed sectioned material by transmission electron microscopy ( Fig. 12) Some additional observations were made on of G. lamblia cysts from the material that had been prepared for electron -porosity filters and (B) microscopy. Some of the cysts appeared to show osity filters. a process of division (Fig. 8 and 9) . One "stretched" cyst was found, apparently an artifact caused by the preparative procedures ( Fig.  10 ).
With the scanning electron microscope, a variety of material was observed on the cyst wall. This was particularly evident on critical-pointdried specimens ( Fig. 13 to 17 ). Air-dried cysts were usually free of such material (Fig. 6 ). Occasionally, bacterium-like structures were associated with the cysts (at the upper right and lower left of the double cyst shown in Fig. 10 and at the right of the cyst shown in Fig. 15 ). One cyst in the sections prepared for transmission electron microscopy showed a bacterium-104 10 5 like structure associated with the cyst wall (Fig.  18) . nc. Ino./ml I Our transmission electron microscopic preparations usually showed a rather wide space beof G. lamblia cysts from tween the organism and the cyst wall ( Fig. 12 L-porosity filters and (B) and 19) . A peripheral array of vesicles was char--osity filters. acteristic for most organisms. A dense-staining material coated the inside surface of these peed on Millipore filters ripheral vesicles. A few larger peripheral lacunae Nuclepore filters. The were seen (asterisk in Fig. 19 ). The inner surfaces ilter consists of inter-of the lacunae were lined with a dense-staining d 5), and the diameter material. A dense material also coated the inner is much smaller than surface of the cyst wall and the surface of the distortion of the cvst encysted organism.
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r--"'-s.7 -on the Millipore surface seemed to be determined to some extent by how it rested on the small individual strands (Fig. 5) . For the cysts retained on the surface of a Nuclepore filter, the pattern of distortion was distinctly different (Fig.  6 and 7) , apparently because of the smoothness of the Nuclepore surface. A fairly uniform, rimlike structure was apparent around those cysts that rested on the flat surface of the filter ( Fig.  7 and 8 ). Cysts that overlapped the filter pore were sharply bent into the pores (Fig. 6, 10 , and 11). Overall, more cysts per unit of area were readily seen on the Nuclepore than on the Mil-DISCUSSION Information about the biology of Giardia organisms, the incidence of giardiasis, and the ultrastructure of these parasitic protozoans is reviewed in three recent publications (1, 10, 13). Several scanning electron microscopy studies on the trophozoite (4, 17, 23 ) complement transmission electron microscopy studies (3, 6, 18, 19; additional references in 13). Previous ultrastructural studies of the cyst are those of Sheffield and Bjorvatn (20) , Sheffield (19) , and Tombes et al. (21) . The distortions seem to depend on how the cyst rests on the contours of the filter surface. Bar, 5 ,um. Flexible cyst wall. Although the above ultrastructural studies (and this study) provide detailed information about the structure of the trophozoite and the cyst, it seems worthwhile to begin this discussion by referring to the earlier work of Filice (5) flattened shapes for Giardia cysts ( Fig. 5 and 7 ) are not consistent with the ovoid outlines of cysts shown by various light microscopic studies (13) and the transmission electron microscopy observations of Sheffield and Bjorvatn (20) . We then confirmed that our material was Giardia cysts by transmission electron microscopy ( Fig.  12 ) and subsequently showed that ovoid cysts could be prepared for scanning electron microscopic observation if the cysts are critical-point dried (Fig. 13) . Although we did not check each set of variables independently (filtering versus not filtering; air drying versus critical-point drying), most of the flattening is probably due to the surface tension of water as the specimen is being air dried. Some of the critical-pointdried cysts were somewhat distorted (insert, Fig.  13 ), possibly due to some transient air drying during the several fluid exchanges before the critical-point-drying step. But overall, although the critical-point-dried cysts underwent several filtering and centrifugation steps, they retained their ovoid shape. On the other hand, filtration had some effect on the cyst morphology as the (Fig. 7) . Tombes et al. (21) studied the cysts of Giardia collected from a variety of mammals, including humans. The morphology of the cysts they collected from humans is different from that observed by us. The cysts they studied by phase microscopy had the typical elliptical shape; by scanning electron microscopy, the cysts seemed to be distorted, having a cuboidal shape. Possible reasons for our different results are difficult to decide upon since Tombes et al. used a variety of fixation and preparative techniques, and for any particular micrograph, the data are not given as to how the cysts were fixed, whether the material was fixed immediately or after some initial filtrations (sucrose flotation techniques were not used), how long the material was stored in aldehyde before drying, and whether the cysts were air dried or critical-point dried. Overall, Tombes et al. noted no consistent differences in cysts after air or critical-point drying. We found substantial differences in cyst morphology when cysts were air dried or critical-point dried. We suggest that a possible procedural error that Tombes et al. mention in their discussion may be a significant factor in our different results.
Sucrose flotation technique. We used the sucrose flotation method of Sheffield and Bjorvatn (20) to prepare suspensions of cysts. They apparently fixed the cysts after the sucrose procedure. If so, they obtained remarkably good fixation after a lengthy concentration process. We fixed the fecal material before the sucrose flotation. For laboratory diagnosis of giardiasis in unfixed stools, the basic method is a zinc sulfate flotation method (13) . With this technique, the cytoplasm of the cells is plasmolyzed by the hypertonic zinc sulfate solution, and the cytoplasm is characteristically concentrated at one side of the cyst (see Fig. 23 in reference 13 ).
Although the cyst wall is apparently stable throughout the zinc sulfate flotation process, it seems much more delicate when sucrose flotation is used. Levine (14) observed that Giardia cysts concentrated by sugar flotation shrivel and become unrecognizable in a matter of minutes. Stevens, in a discussion after Levine's paper (14) , noted that there was no morphological effect on the cysts with the sucrose flotation technique if the cysts were removed immediately from the interface and placed in physiological saline. With the methodology of Sheffield and Bjorvatn (20) , the suspensions are diluted 10-fold with water after collecting them from the interfaces.
Another possible effect of the sucrose flotation method is that it may change the width of the space between the cyst wall and the organism. Sheffield (19) believes that these spaces are not caused by the different isotonic pressures of the flotation solutions. We found a much wider space between the cyst wall and the organism than that shown by Sheffield and co-workers (19, 20) or the cyst shown by transmission electron microscopy in the study of Nemanic et al. (18) . The material studied by Nemanic et al. (18) was not exposed to a sucrose flotation technique as the organisms were prepared for electron microscopy by washing pieces of gut and centrifuging the wash. Perhaps species differences may be a factor in comparing our results with those of Nemanic et al. (18) but the reasons for our results being different from those of Sheffield and Bjorvatn (20) are not apparent unless they fixed the cysts after sucrose flotation. Perhaps selection of micrographs may be a contributing factor as Sheffield, in a discussion after his paper (19) , states that a variety of cyst types were seen; that is, cysts in which the cytoplasm was closely applied to the cyst wall, whereas others showed large, open areas between cytoplasm and wall. We also saw sections of cysts in which the cytoplasm was closely applied to the cyst wall, but since most of the sectioned cysts showed an open space (Fig. 12) , our interpretation is that the organism does not occupy the entire space of the cyst. The rimlike structure on air-dried cysts (Fig. 7) would also indicate that the cyst wall collapsed into a space not occupied by the encysted organism. We observed that the cyst walls are usually 0.15 to 0.25 pm thick, which is less than the 0.3-,um thickness observed by Sheffield and Bjorvatn (20) .
Composition of cyst wall. The composition of the cyst wall is unknown. Filice (5) was not able to obtain any positive histochemical information, although he did show that it was Feul- FIG. 14-17. A variety of cyst morphologies as seen after critical point drying. Almost all cysts had some sort of material or debris stuck on the cyst walL In some cases, structures that could be identified as bacteria were attached to the cyst wall (Fig. 15) . In other cases, unidentified fibrous forms were seen on the cyst walls ( Fig. 16 and 17) . Bars, 2 pm. Fig. 12 ). N, nuclei; A, axonemes of the flagellae; S, microtubule-ribbon complexes of the fragmented sucking disk. The arrow points to a portion of the cyst wall that has apparently retained a staining density similar to the staining density of the inner surface of the cyst wall. The asterisk is in a peripheral lacuna. Bar, 1 pm.
gen stain negative; it did not stain with a lipid stain, Sudan IV, and it did not seem to be affected by various enzyme digestions (pepsin, trypsin, and papain). In any case, the cyst wall is not fixed adequately with aldehydes to withstand the surface tension of water during air drying, and its flexible nature, even after fixation, may lower the filtering efficiency of various water filtration plants. The Loss of cysts during membrane filtration. The maximum rate of recovery obtained from the Millipore and Nuclepore membrane filters was 75%. A number of factors may account for the 25% loss. Cysts may remain attached or embedded in the filter after the recovery procedure, adhere to nonfilter surfaces of the filtration assembly, pass through the filter, or be destroyed during the filtration or centrifugation process or both.
The filters were agitated by hand as vigorously as possible without destroying the filters. It was later suggested that perhaps a better method would be to vigorously and systematically wash the fiter surfaces with strong streams of distilled water with 0.01% Tween 20 from a capillary pipette. We did not test such a washing procedure. Compared with the unidimensional surface of the Nuclepore filter, the convoluted fibrous structure of the Millipore filter may permit cysts and other material to become embedded within the depth of the filter, and, by our recovery procedure, the cysts would not be readily washed out. Such differences in the filter characteristics may explain the difference in recovery rates between the 293-mm-diameter Millipore filter and the 293-mm-diameter Nuclepore filter. What is still puzzling are the comparable recovery rates of the 47-mm-diameter Millipore and the 47-mm-diameter Nuclepore filters. However, a 293-mm-diameter filter has approximately 39 times more surface area than a 47-mm-diameter filter. Thus, although there may be some difference in recovery rates for the 47-mm-diameter Millipore and Nuclepore filters, perhaps we were not able to detect this difference until the larger surface area of the large-diameter filter (with its larger number of cysts) made it apparent.
Part of the overall 25% loss could be attributable to cysts passing through the filters. The flexibility of the cysts is suggestive evidence for how cysts could pass through individual pores of smaller diameter than the size of the cysts (Fig.   11 Some cysts are probably lost because they are destroyed during the preparative steps. What is probably a remnant of a cyst is shown in Fig. 6 . Overall, destruction of cysts probably accounts for most of the 25% loss of cysts during the recovery procedure on membrane filters. A further loss occurs with the Millipore filter, probably because of the embedding of cysts in the filter.
Formation of cyst wall. The staining density of the material lining the inner surfaces of the peripheral vesicles and lacunae is similar to the staining density of the material on the surface of the encysted organism and the inner surface of the cyst wall ( Fig. 18 and 19 ). The vesicles thus seem to contain a secretory material that eventually is used to make the cyst wall. The cyst wall has a fibrous substructure, as if it were formed by successive layers of material. We suggest that the successive layers arise from successive waves of vesicles that coalesce to form enlarging peripheral lacunae. Eventually, one giant lacuna in effect completely surrounds the organism, and, in the process, another layer of the cyst wall has been laid down. By some type of maturational process, the newly formed layer of the cyst wall then loses much of its staining density. Occasionally, however, the staining density is retained, as indicated by the arrow in Fig. 19 .
Hemmes and Hohl (9) ventured a similar hypothesis for encystment of Phytophthora parasitica zoospores. Encystment involved the fusion of peripheral vesicles with the plasmalemma, followed by the release of glycoprotein and possibly other cell wall precursor materials. Friend (6) suggested that the location of the peripheral vacuoles in the trophozoites of Giardia muris were consistent with a secretory function, perhaps the secretion of the cyst wall. Mucocytes in other protozoa are rows of globular elements beneath the pellicle that discharge gelatinous or mucoid secretions (6) . Finally, Filice (5) observed that, in living organisms, the cyst forms first on the dorsal surface of the trophozoite from refractile granules in the peripheral cytoplasm. On the other hand, Sheffield (19) discounted the role of the peripheral vesicles as secretory vesicles involved in cyst wall formation since he noted their abundance after wall formation. Although our observations also showed this abundance of vesicles ( Fig. 12 and 19 (Fig. 8 to 10 ). Kofoid and Swezy (12) concluded that such cysts resulted from binary fission of a zooid. In their discussion, it is not explicitly clear whether the "sister zooids" formed by the process of binary fission are encysted after division but before separation (and then separate after the joined zooids each form a cyst) or an encysted zooid undergoes binary fission, and then each sister zooid becomes enclosed in a separate cyst. Apparently, Giardia can multiply by binary fission both at the trophozoite and cyst stages (13) . Although the encysted organism can divide inside the cyst (13, 19) , it is not so clear whether the pair of organisms can separate and form two new cysts. The sister zooids may remain enclosed within a single cyst. Barlough (1) states that during excystation, each cyst gives rise to two trophozoites. Kulda and Nohinkov&i (13) Biology of cysts. The absence of cellular organelles such as mitochondria, endoplasmic reticulum, Golgi bodies, and lysosomes confirms previous ultrastructural observations (3, 6, 18, 19, 20, 22) on Giardia sp. The absence of such organelles is not, however, true for other flagellated protozoans (6) .
G. lamblia cysts, after critical-point drying, often have bacterium-like structures or debris attached to the outer surface (Fig. 14 to 18 ). Such associations have not been reported before, although an interesting example of endosymbiosis has recently been observed in G. lamblia (18) . Much less material was seen on the filtered, air-dried specimens. Whether material is deposited on the cyst wall during the procedure of critical-point drying, washed off the cyst wall during filtering, or removed by aqueous surface tension during air drying is unknown. We suggest that the association is real since the purpose of critical-point drying is to preserve the delicate details of biological structure.
Conclusions. The physiological nature of the G. lamblia cyst wall remains unclear. Flexibility of the cyst wall has resulted in experimental difficulties with membrane filtration of the cysts in aqueous suspension. These findings point to potential difficulties in removing cysts from water with present water treatment technology.
